The type 2 ryanodine receptor (RyR2), a calcium (Ca^2+^) channel expressed in the sarcoplasmic reticulum (SR) membrane of cardiac myocytes, is responsible for releasing Ca^2+^ from the SR into the cytoplasm during excitation--contraction coupling (ECC) ([@r1][@r2]--[@r3]). Physiologically, the opening of the channel occurs in response to Ca^2+^ entry into the cell mediated by the L-type voltage-gated Ca^2+^ channel (Ca~v~1.2), in a process commonly known as calcium-induced calcium release (CICR) ([@r4][@r5][@r6]--[@r7]). RyR2-mediated Ca^2+^ release is fundamental to a number of biological processes, ranging from muscle contraction to learning and memory ([@r8], [@r9]). Aberrations in RyR2 function have been implicated in the pathology of multiple severe diseases. More than 150 mutations in RyR2 are potentially linked to catecholaminergic polymorphic ventricular tachycardia type 1, arrhythmogenic right ventricular dysplasia type 2, and idiopathic ventricular fibrillation ([@r10][@r11][@r12][@r13][@r14][@r15]--[@r16]).

Owing to its importance for each heartbeat, RyR2 is subject to sophisticated regulation by a large number of modulators, including ions, particularly Ca^2+^ and Mg^2+^ ([@r17][@r18][@r19][@r20]--[@r21]); small molecules, such as adenosine 5′-triphosphate (ATP) and caffeine ([@r19], [@r22][@r23][@r24]--[@r25]); and proteins, such as FK506-binding protein 12 and 12.6 (FKBP12/12.6) and calmodulin (CaM) ([@r26][@r27][@r28][@r29][@r30]--[@r31]). During ECC, RyR2 is activated through the CICR mechanism, whereas the skeletal muscle--specific subtype RyR1 is activated by mechanical coupling to Ca~v~1.1. Although both RyR1 and RyR2 exhibit a biphasic dependence on cytosolic Ca^2+^ concentration (i.e., are activated by micromolar level of Ca^2+^ and inhibited by millimolar level of Ca^2+^), RyR2 is activated to a greater extent by cytosolic Ca^2+^ and requires higher \[Ca^2+^\] for inhibition in the absence of other activators ([@r32]), indicating important differences between these 2 RyR isoforms with respect to their activation and inhibition by Ca^2+^.

FKBP12.6 is one of the most prominent RyR2-binding proteins. Although the effect of FKBP12.6 on RyR2 has been extensively studied, the precise role of FKBP12.6 in regulating the channel is still controversial. Marks and coworkers found that FKB12.6 stabilizes RyR2 in a closed state to prevent the leakage of SR Ca^2+^ into the cytoplasm, and the dissociation of FKBP12.6 from RyR2 leads to SR Ca^2+^ leakage, which ultimately impairs contractility and promotes arrhythmia ([@r27], [@r31], [@r33], [@r34]). However, contradictory findings have been reported by other groups, raising the question of whether FKBP12.6 plays pathophysiological roles in heart failure. One study showed that neither FKBP12.6 nor FKBP12 affects RyR2 function ([@r35], [@r36]). Another study suggested that FKBP12 could activate RyR2 and FKBP12.6 might act as an antagonist to FKBP12 without directly lowering the open probability (Po) of RyR2 ([@r37]). To make the functional roles of FKBPs in RyR2 function more perplexing, a recent report suggested that both FKBP12.6 and FKBP12 play critical roles in regulating RyR2 function by facilitating the termination of spontaneous Ca^2+^ release or store overload-induced Ca^2+^ release, providing another mechanism for the regulation of RyR2 by FKBP12.6 ([@r38]). Therefore, the pathophysiological roles of FKBP12.6 in the regulation of RyR2 need to be further investigated.

Single-channel studies reported that cytosolic Ca^2+^ alone is a poor activator of RyRs and does not increase Po above 0.5 in the absence of other activating ligands. The presence of micromolar cytosolic Ca^2+^, plus a second ligand, is required for full activation of the channel ([@r20], [@r22], [@r39], [@r40]). ATP is a well-known physiological agonist likely to be constitutively bound to RyR2 since the cellular ATP concentration is at millimolar levels in cardiac cells ([@r22]). Caffeine has long been used as a pharmacological probe for investigating RyR-mediated Ca^2+^ release and cardiac arrhythmias ([@r41], [@r42]), and 2,2′,3,5′,6-pentachlorobiphenyl (PCB95) also activates RyRs ([@r43][@r44]--[@r45]).

Structures of RyR2 in the open state have been captured in the presence of PCB95/Ca^2+^ without FKBP12.6 (denoted P/Ca^2+^) ([@r46]) and in the presence of ATP/caffeine/Ca^2+^ with FKBP12.6 ([@r47]) (denoted F/A/C/Ca^2+^). The latter revealed that Ca^2+^, ATP, and caffeine are all located at the interfaces between the central and channel domains, identical to those in the structures of RyR1 ([@r48]). However, the regulation of RyR2 gating by each individual modulator alone requires further dissection through comparative structural studies.

To address these questions, we hereby report 4 cryo-electron microscopy (cryo-EM) structures of porcine RyR2 bound to distinct modulators, which together with our published structures ([@r46], [@r47]), provide important insight into the long-range allosteric regulation of RyR2 channel gating by these key modulators.

Results {#s1}
=======

Structure Determination of RyR2 in Multiple Functional States. {#s2}
--------------------------------------------------------------

Based on our published structures of closed RyR2 in 5 mM ethylenediaminetetraacetic acid (EDTA) (denoted apo-RyR2), open RyR2 in the presence of 20 μM Ca^2+^ and 10 μM PCB95 (denoted P/Ca^2+^) ([@r46]), and open RyR2-FKBP12.6 complex in the presence of 20 μM Ca^2+^, 5 mM ATP, and 5 mM caffeine (denoted F/A/C/Ca^2+^) ([@r47]), we determined the cryo-EM structures of RyR2 under 4 additional conditions: 1) Ca^2+^ alone at 20 μM (denoted Ca^2+^ alone) at 6.1 Å, 2) Ca^2+^ plus 10 μM PCB95 and FKBP12.6 (denoted F/P/Ca^2+^) at 4.6 Å, 3) Ca^2+^ plus FKBP12.6 and 5 mM ATP (denoted F/A/Ca^2+^) at 4.8 Å, and 4) Ca^2+^ plus FKBP12.6 and 5 mM caffeine (denoted F/C/Ca^2+^) at 4.5 Å ([*SI Appendix*, Figs. S1--S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). The conditions for each dataset are summarized in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental). Condition 1 was used to investigate the mechanisms of the allosteric regulation of RyR2 channel gating by Ca^2+^ and PCB95. Condition 2 was used to investigate the mechanisms of the long-range allosteric regulation of RyR2 channel gating by FKBP12.6. Conditions 3 and 4 were used to investigate the stimulatory mechanisms of RyR2 by caffeine and ATP.

Previously, we purified RyR2 using glutathione *S*-transferase (GST)-fused FKBP12 as bait and found that the RyR2/GST-FKBP12 complex fell apart during size exclusion chromatography (SEC) purification ([@r46]). In this study, the proteins under conditions that included FKBP12.6 were purified using GST-FKBP12.6 as bait. The RyR2/GST-FKBP12.6 complex survived during SEC ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)), indicating that RyR2 has a higher binding affinity for FKBP12.6 than for FKBP12.

All cryo-EM datasets were processed with the same procedure ([*SI Appendix*, Figs. S2 and S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). For all of the structures, the resolution of the peripheral structures, such as P1, P2, HD2, the 3 SPRY domains, and the NTD subdomains NTD-A/B, which are rich in β-strands, is insufficient for detailed analysis, whereas the secondary structural elements of other domains are well resolved. To describe the intricate conformational changes, the RyR2 structure with resolved secondary structural elements is divided into 3 layers: the channel domain as layer 1, the central domain as layer 2, and the peripheral region containing the NTD-C, HD1, and handle domains as layer 3 ([Fig. 1*A*](#fig01){ref-type="fig"}).

![PCB95 facilitates Ca^2+^ to overcome the barrier in opening the gate of RyR2. (*A*) Domain organization of a RyR2 protomer. To facilitate description of the conformational changes throughout this study, the domains with resolved secondary structure elements are divided into 3 layers from the luminal side to the cytoplasmic side. Layer 1 contains the channel domain. Layer 2 contains the central domain. Layer 3 contains the HD1 and handle domain and NTD-C. (*B*) Ca^2+^ induces conformational changes in the channel domain but is insufficient to open the channel (*Left*). Addition of PCB95 induces further conformational changes that open the channel (*Right*). Shown here are the structural superimpositions between apo-RyR2 and Ca^2+^ alone and between Ca^2+^ alone and P/Ca^2+^ relative to the channel domain. Red arrows indicate the direction of conformational changes. (*C*) The pore remains closed in the presence of 20 μM Ca^2+^ alone. The cytosolic view is shown for RyR2 under the 3 indicated conditions. The indicated distances were measured between the Cα atoms of the Gln4864 (open structure) or Ile4868 (closed structure) gating residue on the S6 segments in the diagonal protomers. (*D*) Intradomain shifts of the central domain among the structures apo-RyR2, RyR2 in the presence of 20 μM Ca^2+^ (Ca^2+^ alone), and RyR2 in the presence of both PCB95 and Ca^2+^ (P/Ca^2+^). Red arrows indicate the direction of conformational changes. (*E*) The central domains and channel domains of the structures apo-RyR2 and Ca^2+^ alone were superimposed relative to the central domain. (*F*) Ca^2+^ induces a contraction of the central domain that provides a pulling force for facilitating the dilation of the S6 bundle. Red arrows indicate the direction of conformational changes of the U-motif and helix α4. Black arrows indicate the direction of conformational changes of the O-ring, which is formed by the CTD, cytoplasmic subdomain in the VSC, and S6C. All EM maps were generated in Chimera ([@r72]). All structure figures were prepared using PyMOL (<https://pymol.org/2/>).](pnas.1914451116fig01){#fig01}

It is noted that lipids were reported to affect the Po of RyR1 ([@r49]). Therefore, conclusions reported in this study, wherein the detergent digitonin was used for all conditions, may be subject to modification. Furthermore, it is unpractical to estimate the precise concentration of Ca^2+^ applied to RyR2 during cryosample preparation because of the high concentrations of Ca^2+^ present in the blotting paper ([@r50]). Consequently, the related analysis pertains to relative differences.

PCB95 Helps Ca^2+^ to Overcome the Barrier for Opening RyR2. {#s3}
------------------------------------------------------------

It has been shown that Ca^2+^ alone did not yield structures of open RyR1 under detergent conditions ([@r48]). In contrast to activation of RyR1 by direct physical contact with Ca~v~1.1, Ca^2+^ serves as the signaling trigger for RyR2 activation. To investigate whether Ca^2+^ alone could open the channel without any effect from other modulators under cryoconditions, 20 μM Ca^2+^ was applied to stimulate the channel ([@r46]).

The pore constriction site was seen to shift from Ile4868 in the closed apo-RyR2 structure to Gln4864 in the open P/Ca^2+^ structure ([@r46]). When the structure of Ca^2+^ alone is superimposed on that of apo-RyR2 relative to the channel domain, all 3 layers tilt outward and clockwise with respect to the vertical axis of the channel ([Fig. 1*B*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)), but the constriction site residue remains Ile4868 with a distance between the Cα atoms of 11 Å, identical to that in the apo-RyR2 structure ([Fig. 1*C*](#fig01){ref-type="fig"}). These results are consistent with the observation in RyR1, wherein Ca^2+^ alone primes RyR2 for opening but additional agonists are required to overcome the barrier to opening ([@r48]).

Multiple studies have shown that the central domain serves as the transducer for the long-range allosteric gating of channel opening through coupling between the U-motif of the central domain and the O-ring of the channel domain formed by the C-terminal domain (CTD), the cytoplasmic region in the voltage-sensor-like (VSL) domain (VSC), and the cytoplasmic segment of S6 (S6C) ([@r46], [@r51], [@r52]). During channel opening, the auxiliary motifs of the central domain, including the preceding helix α0, a capping helix α4, and the U-motif on the C-terminal end, fold toward the center of the concave surface (inward movements) of the central domain ([Fig. 1*D*](#fig01){ref-type="fig"}) ([@r46]). Ca^2+^ alone induces obvious inward movements of the central domain in these regions, but to a smaller degree ([Fig. 1 *D* and *E*](#fig01){ref-type="fig"}). The O-ring of the channel domain and the U-motif of the central domain undergo concordant conformational changes ([Fig. 1 *E* and *F*](#fig01){ref-type="fig"}). Due to extensive interactions between the O-ring and U-motif ([@r52]), the inward movements of the U-motif, induced by Ca^2+^, may provide a pulling force to facilitate the S6 bundle dilation. This process is analogous to bow drawing, wherein the central domain represents the bow and Ca^2+^ affords the drawing force ([Fig. 1*F*](#fig01){ref-type="fig"} and [Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)), which is akin to the effect of Ca^2+^ on RyR1 in the 3-\[(3-cholamidopropyl)dimethylammonio\]-1-propanesulfonate hydrate (CHAPS) plus 1,2-dioleoyl-*sn*-glycerol-3-phospocholine (DOPC) condition ([@r48]) ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). We refer to the inward folding of the central domain toward its concave side as contraction and the opposite motion as relaxation.

The interactions between 2 neighboring NTD domains were proposed as an important gating factor ([@r53]). Channel opening requires breaking of the interactions along the interface between NTD-A and neighboring NTD-B′ (interface 1) ([@r53]). Ca^2+^ alone appears to significantly extend the intersubunit gap between NTD-A and the neighboring NTD-B′ ([*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)).

Although no density was observed for PCB95 in the P/Ca^2+^ structure ([@r46]), the structure with Ca^2+^ alone, obtained in the present study, demonstrates that PCB95 helps Ca^2+^ to overcome the barrier for opening ([Fig. 1 *B*--*D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). PCB95 was previously reported to activate RyR1 in an FKBP12-mediated mechanism. The PCB95-enhanced binding of \[^3^H\] ryanodine to RyR1 is completely eliminated if the interaction of FKBP12 with RyR1 is disrupted by FK506 or rapamycin ([@r44], [@r54]). In contrast to the activation of RyR1 by PCB95, our structures of RyR2, in the absence of FKBP12 or FKBP12.6, indicate that PCB95 can facilitate Ca^2+^ for RyR2 opening, in the absence of FKBP.

FKBP12.6 Stabilizes RyR2 in a Closed State. {#s4}
-------------------------------------------

We attempted to investigate the regulation of FKBP12.6 on RyR2 by controlling a clean background, wherein FKBP12.6 was the only difference between the P/Ca^2+^ and F/P/Ca^2+^ conditions. The FKBP12.6 binding site on RyR2, which is identical to that on RyR1 for FKBP12 and FKBP12.6 ([@r48], [@r52]), is located in the cleft formed by the SPRY1, SPRY3, NTD, and handle domains ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). A hydrophobic loop from the handle domain extends into the ligand-binding pocket of FKBP12.6 ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). Compared to the EM map of P/Ca^2+^, additional density corresponding to HD2 in F/P/Ca^2+^, similar to that observed in the 11.8 Å resolution EM map of rabbit RyR2 (rRyR2) bound to FKBP12.6 ([@r55]), was resolved and folds toward the main body of the structure ([Fig. 2*B*](#fig02){ref-type="fig"}). In addition, the P2 domain was partially resolved to be in contact with the SPRY3′ domain in the neighboring protomer ([Fig. 2*B*](#fig02){ref-type="fig"}). These further resolved densities suggest that the allosteric changes, induced by FKBP12.6, may be transmitted to the P2 and HD2 domains in both the same and neighboring protomers and increase their rigidity. However, the density of HD2 in RyR2 is still partially missing compared to what has been resolved in RyR1 ([@r52]), and most of the main chain in HD2 is not traceable even in the presence of FKBP12.6 ([*SI Appendix*, Fig. S6 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)).

![FKBP12.6 stabilizes RyR2 in a closed state. (*A*) The EM map and atomic model of RyR2 in a complex with FKBP12.6, PCB95, and Ca^2+^ (F/P/Ca^2+^). FKBP12.6 is colored magenta. The map is shown at a contour level of 0.025. (*B*) FKBP12.6 serves as a stabilizer to enhance the rigidity of the HD2 and P2 domains. Shown here are the EM maps (low pass filtered to 6 Å resolution) of the P/Ca^2+^ and F/P/Ca^2+^ structures. Additional density for the HD2 and P2 domains can be resolved in the F/P/Ca^2+^ structure, whereas the corresponding density is absent in the P/Ca^2+^ structure. (*C*) FKBP12.6 induces the NTD and handle domains to tilt outward with respect to the central domain, likely providing a pulling force for relaxing the central domain. The NTD, handle, and central domains of the structures P/Ca^2+^ and F/P/Ca^2+^ were superimposed relative to the central domain. Red arrows indicate the direction of conformational changes. (*D*) The pore is kept closed in the F/P/Ca^2+^ structure. The indicated distances were measured between the Cα atoms of the Ile4868 gating residue on the S6 segments in the diagonal protomers.](pnas.1914451116fig02){#fig02}

It is noted that HD2 in RyR1 contacts the SPRY2′ domain and is positioned adjacent to the P1′ domain in the neighboring protomer. In contrast, the density of HD2 in RyR2, as well as that in rRyR2 ([@r55]), is close to the handle domain in the same protomer and distant from the SPRY2′ and P1′ domains in the neighboring protomer ([*SI Appendix*, Fig. S6 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)).

Superimposing the P/Ca^2+^ and F/P/Ca^2+^ structures relative to the channel domain shows that FKBP12.6 induces inward and counterclockwise rotation of layers 1 and 2 and outward and counterclockwise rotation of layer 3 ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)), which significantly shortens the intersubunit gap at interface 1 ([*SI Appendix*, Fig. S7*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). Superimposing the NTD, handle, and central domains of F/P/Ca^2+^ on those of P/Ca^2+^, relative to the central domain, reveals outward tilt of the NTD and handle domain with respect to the central domain, accompanied by an outward movement of helices α0 and α1 of the central domain due to the interaction between helix α0 and the handle domain ([Fig. 2*C*](#fig02){ref-type="fig"}). The motions of the NTD and handle domains, induced by FKBP12.6, likely provide a pulling force for the central domain, resulting in the outward movement of the U-motif relative to the center of the concave surface ([Fig. 2*C*](#fig02){ref-type="fig"} and [Movie S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). Consequently, RyR2 is stabilized in a closed state, as evidenced by the shift of the pore constriction site from Gln4864 in the P/Ca^2+^ structure to Ile4868 in the F/P/Ca^2+^ structure with the distance between the Cα atoms of Ile4868 in the diagonal protomers shortened to ∼11 Å ([Fig. 2*D*](#fig02){ref-type="fig"}).

The comparative structure analyses indicate that the antagonistic effect of FKBP12.6 overcomes the synergistic activation by Ca^2+^ and PCB95, resulting in RyR2 closure in the detergent-embedding environment.

The Synergistic Effects of ATP/Caffeine/Ca^2+^ Open FKBP12.6-Bound RyR2. {#s5}
------------------------------------------------------------------------

Our recent structural study reveals channel opening upon the synergistic activation of RyR2 by ATP/caffeine/Ca^2+^ in the presence of FKBP12.6 ([@r47]). To investigate whether all 3 positive modulators are required for channel opening, ATP/Ca^2+^ and caffeine/Ca^2+^ were applied separately to FKBP12.6-bound RyR2. The distances between the Cα atoms of the Ile4868 constriction site residue in the diagonal protomers of both the F/A/Ca^2+^ and F/C/Ca^2+^ structures are ∼11 Å ([Fig. 3*A*](#fig03){ref-type="fig"}), indicating that neither ATP/Ca^2+^ nor caffeine/Ca^2+^ is sufficient to activate the channel in the presence of FKBP12.6.

![Molecular basis for the synergistic effects of Ca^2+^, ATP, and caffeine. (*A*) Neither ATP/Ca^2+^ nor caffeine/Ca^2+^ is sufficient to open the channel in the presence of FKBP12.6. The indicated distances were measured between the Cα atoms of Ile4868 gating residue on the S6 segments in the diagonal protomers. (*B*) The synergistic effects of caffeine and ATP on the channel domain. The structures were superimposed relative to the CTD. (*C*) The binding sites of Ca^2+^, ATP, and caffeine on RyR2. The dotted circle represents the O-ring that is formed by the CTD, VSC, and S6C. Ca^2+^ is located in the cleft that is formed by the central domain and CTD. ATP is located in a pocket formed by the U-motif, CTD, and S6C. Caffeine is located at the interface formed by the U-motif and helix α4 of the central domain, CTD, and VSC. (*D*) Conformational changes of the central domain induced by caffeine. Shown here are the superimposed structures of F/A/Ca^2+^ and F/A/C/Ca^2+^. Arrows indicate the direction of conformational changes from the F/A/C/Ca^2+^ to F/A/Ca^2+^ structure. (*E*) Caffeine locks the central domain in a constitutively contracted state, and ATP strengthens the pulling force of caffeine by linking the U-motif and S6. Arrows indicate the direction of conformational changes from the F/A/C/Ca^2+^ to F/C/Ca^2+^ structure.](pnas.1914451116fig03){#fig03}

Compared to the F/A/Ca^2+^ structure, caffeine causes expansion throughout the entire RyR2 molecule with respect to the vertical axis of the channel in the F/A/C/Ca^2+^ structure ([*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)) and extends the intersubunit gap at interface 1 ([*SI Appendix*, Fig. S8*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). Similarly, ATP also induces all 3 layers to rotate outward and clockwise ([*SI Appendix*, Fig. S8*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)) but slightly shortens the intersubunit gap at interface 1 ([*SI Appendix*, Fig. S8*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). Superimposing the channel domains and U-motifs of the F/A/Ca^2+^, F/C/Ca^2+^, and F/A/C/Ca^2+^ structures, relative to the CTD, shows coupled motion between the CTD and the U-motif because there is no relative motion between these 2 domains, an observation consistent with our previous studies ([@r46], [@r51]). Interestingly, ATP and caffeine induce the same direction of conformational changes in the remaining elements of the channel domain, including the VSL, S4--S5 linker, S5, the selectivity filter (SF), and S6 ([Fig. 3*B*](#fig03){ref-type="fig"}), reflecting the synergistic effects of ATP and caffeine. It is noted that caffeine/Ca^2+^ facilitates the movement of almost all of the elements of the channel domain, except the S4--S5 linker and CTD, to a position closer to the open state than that of ATP/Ca^2+^ ([Fig. 3*B*](#fig03){ref-type="fig"}).

Molecular Basis for the Synergistic Effects of Ca^2+^, ATP, and Caffeine. {#s6}
-------------------------------------------------------------------------

Structural studies of RyR1 and RyR2 both reveal that Ca^2+^ is located at a cleft formed by the central domain and CTD; ATP is buried in a pocket formed by the U-motif, S6C, and CTD, and caffeine is located at the interface formed by the U-motif, helix α4, CTD, and VSC ([@r47], [@r48]) ([Fig. 3*C*](#fig03){ref-type="fig"}).

To investigate the mechanism for the requirement of synergistic action of ATP/caffeine/Ca^2+^ to open RyR2 in the presence of FKBP12.6, the central domains and S6Cs of the F/A/Ca^2+^, F/C/Ca^2+^, and F/A/C/Ca^2+^ structures were superimposed. Compared to the F/A/C/Ca^2+^ structure, helix α4 and the 2 helices of the U-motif in the F/A/Ca^2+^ structure undergo an outward motion relative to the center of the concave surface ([Fig. 3*D*](#fig03){ref-type="fig"}). Interestingly, helix α4 in the helical repeats of the central domain and helix 2 of the U-motif in the F/C/Ca^2+^ structure remain nearly unchanged, indicating that caffeine locks them together to maintain a pulling force that favors dilation of the S6 bundle ([Fig. 3*E*](#fig03){ref-type="fig"}). ATP strengthens the effect of caffeine ([Fig. 3*E*](#fig03){ref-type="fig"}). These results indicate that ATP and caffeine keep the central domain in a constitutively contracted state, thus stabilizing RyR2 in an open state, even in the presence of FKBP12.6.

Discussion {#s7}
==========

Although the binding affinity of FKBP12.6 for RyR2 is higher than that of FKBP12 for RyR2, the abundance of FKBP12.6 in cardiac tissue is much lower than that of FKBP12 ([@r56]), resulting in only 10 to 20% of endogenous myocyte RyR2 in association with FKBP12.6 ([@r57]). In addition, compounds used to dissociate FKBPs from RyRs, such as rapamycin and FK506, were suggested to directly affect the activity of RyRs in an FKBP-independent manner ([@r58], [@r59]). These issues complicate the previous results regarding the functional effects of FKBP12.6 on RyR2 ([@r60]). In our present study, FKBP12 was removed by SEC without using macrocyclic lactone ring compounds. Here, the regulatory effect of FKBP12.6 on RyR2 channel gating was examined by comparative structural analyses in a molecular background clearer than in previous functional studies. However, FKBP12.6 and FKBP12 share 85% sequence homology and have similar 3-dimensional (3D) structures ([@r61]). The resolved structures cannot offer an explanation of the markedly different affinities of FKBP12.6 and FKBP12 binding to RyR2 because the interface residues are nearly identical between FKBP12 and FKBP12.6 and between RyR1 and RyR2 ([@r46], [@r62]). Among the varied residues between FKBP12 and FKBP12.6, only F59W is located in the ligand-binding pocket of FKBP12.6 ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)). The basis underlying the markedly different affinities of FKBP12.6 and FKBP12 binding to RyR2 remains to be determined.

The P2 domain is a phosphorylation hot spot, containing a flexible phosphorylation loop ([@r63]). Only recently was it reported that the phosphorylation loop, which was invisible in the crystal structure of the P2 domain alone, can wrap around the large lobe of the cAMP-dependent protein kinase A catalytic subunit (PKAc) ([@r64]). In addition, phosphorylation can significantly affect affinity and activity of PKA ([@r64]). Our structures show that the rigidity of the P2 domain is increased in the presence of FKBP12.6, suggesting a potential correlation between FKBP12.6 and phosphorylation, which awaits further investigation. Furthermore, the contact between the P2 and SPRY3′ domains indicates potential communications between these 2 domains. High-resolution structures of this region are required to elucidate the underlying mechanisms.

The state of RyR2 is defined by the balance of different modulators. Under cryoconditions with rapidly vitrified, detergent-solubilized RyR2, Ca^2+^ alone leads to a rearrangement of the central domain and channel domain that primes RyR2 to open ([Fig. 1](#fig01){ref-type="fig"}). Channel opening occurs upon the activation of RyR2 by Ca^2+^ with the help of PCB95 in the absence of FKBP12.6 ([@r46]) or with the simultaneous addition of ATP and caffeine in the presence of FKBP12.6 ([@r47]); this suggests that the CICR process must be highly regulated by multiple modulators under physiological conditions.

In summary, 7 different states of RyR2 bound to different combinations of modulators, including our published structures of apo-RyR2 in a closed state and P/Ca^2+^ and F/A/C/Ca^2+^ in open states ([@r46], [@r47]), were compared in detail in this report. These structures collectively provide a mechanistic understanding of the transition from the closed state to the open state regulated by multiple modulators, which marks an important step toward elucidating the complicated regulatory mechanisms of RyR2 ([Fig. 4](#fig04){ref-type="fig"}).

![Allosteric and concerted modulation of RyR2 by distinct factors. Shown here is a summary of the RyR2 structures reported in this (green box) and previous (black box) studies. Ca^2+^ alone induces a contraction of the central domain that provides a pulling force, facilitating the dilation of the S6 bundle. Addition of PCB95 induces further contraction of the central domain and opens the channel. FKBP12.6 induces a relaxation of the central domain, stabilizing RyR2 in a closed state. Caffeine locks the central domain in a constitutively contracted state, and ATP strengthens the effect of caffeine, stabilizing RyR2 in an open state in the presence of FKBP12.6.](pnas.1914451116fig04){#fig04}

The contraction and relaxation of the central domain, which favor the opening and closure of the channel, respectively, are critical for channel gating, confirming the essential role of the central domain in the long-range, allosteric gating of RyRs ([@r51], [@r52]). Under Ca^2+^-free conditions (apo-RyR2 for the EDTA-treated sample), RyR2 is inactive because of the absence of stimulation by cytoplasmic Ca^2+^. An increase of \[Ca^2+^\] to nominally 20 μM induces a contraction of the central domain, applying a pulling force that facilitates the dilation of the S6 bundle. Addition of PCB95 induces further contraction of the central domain and opens the channel. FKBP12.6 induces relaxation of the central domain, stabilizing RyR2 in a closed state, supporting the pathophysiological regulation of RyR2 by FKBP12.6 ([@r27], [@r31]). Neither Ca^2+^/ATP nor Ca^2+^/caffeine is sufficient to open the channel in the presence of FKBP12.6. Caffeine keeps the central domain in a constitutive contraction state, and ATP strengthens the pulling force by bridging the U-motif and S6. The 2 agonistic effects together lead to channel opening ([@r47]). It remains to be investigated whether Ca^2+^/ATP or Ca^2+^/caffeine can open RyRs in the absence of FKBPs. More importantly, whether conclusions reported for the channels embedded in detergent micelles can be applied to those in a more native environment, such as in a nanodisc, has yet to be investigated.

Materials and Methods {#s8}
=====================

Expression and Purification of GST-FKBP12.6 and GST-FKBP12. {#s9}
-----------------------------------------------------------

Due to the unavailability of porcine FKBP12.6 and FKBP12 sequences in the public domain, human FKBP12.6 and FKBP12 were used for affinity purification of RyR2 from porcine heart (pRyR2) ([@r46]). The complementary DNAs of full-length human *FKBP12.6* and *FKBP12* were cloned into the pGEX-4T-2 vector with an N-terminal GST tag and a C-terminal 6xHis tag. The same procedures were used for the expression and purification of FKBP12.6 and FKBP12. In brief, the proteins were expressed in the BL21 (DE3) strain at 18 °C overnight by the addition of 0.2 mM isopropyl -d-1-thiogalactopyranoside (IPTG) to the cells with an optical density at 600 nm (OD~600~) of 1.0. Cells were collected and resuspended in lysis buffer containing 25 mM tris(hydroxymethyl)aminomethane (Tris), pH 8.0, and 150 mM NaCl. After removing the cell debris by centrifugation at 22,000 × *g* for 1 h, the supernatant was applied to Ni^2+^-NTA resin (Qiagen). The resin was washed by W1 buffer (25 mM Tris, pH 8.0, 500 mM NaCl) and W2 buffer (25 mM Tris, pH 8.0, 20 mM imidazole) and eluted by 25 mM Tris, pH 8.0, and 300 mM imidazole. The proteins were further purified by anion exchange chromatography (SOURCE 15Q, GE Healthcare).

Preparation of Sarcoplasmic Reticulum Membrane from Porcine Heart. {#s10}
------------------------------------------------------------------

The procedures for preparing the porcine sarcoplasmic reticulum membrane (SRM) were based on the previous study ([@r46]) with slight modifications. A single porcine heart cut into small pieces was resuspended in 5 volumes of homogenization buffer A (20 mM Hepes (2-\[4-(2-hydroxyethyl)piperazin-1-yl\]ethanesulfonic acid), pH 7.5, 150 mM NaCl, 5 mM EDTA, 1.3 µg/mL aprotinin; 1 µg/mL pepstatin; 5 µg/mL leupeptin; 0.2 mM phenylmethyl sulfonylfluoride \[PMSF\]). Homogenization was performed in a blender (JYL-C010, Joyoung) for 15 cycles. After removing the debris by low-speed centrifugation (6,000 × *g*) for 10 min, the supernatant was further centrifuged at high speed (20,000 × *g*) for 1 h. The pellet was resuspended in 2 volumes of homogenization buffer B (20 mM Hepes, pH 7.4; 1 M NaCl; 1.3 µg/mL aprotinin; 1 µg/mL pepstatin; 5 µg/mL leupeptin; 0.2 mM PMSF; and 2 mM dithiothreitol \[DTT\]) and flash frozen in liquid nitrogen.

Purification of pRyR2 by GST-FKBP12.6 and GST-FKBP12. {#s11}
-----------------------------------------------------

The pRyR2/FKBP12.6 and pRyR2/FKBP12 complexes were purified by the same procedures according to a previous study ([@r46]) with slight modifications. The total SRM from a single heart was solubilized at 4 °C for 2 h in homogenization buffer B with 5% CHAPS and 1.25% soy bean lecithin. After extraction, the concentration of NaCl was diluted from 1 to 0.2 M by homogenization buffer lacking NaCl. Approximately 5 to 6 mg of GST-FKBP12.6 or GST-FKBP12 were then added to the system and incubated for 1 h. After ultrahigh-speed centrifugation (200,000 × *g*), the supernatant was loaded onto a GS4B column (GE Healthcare). The complex was eluted by a solution containing 80 mM Tris, pH 8.0, 200 mM NaCl, 10 mM GSH, 0.1% digitonin, 1.3 µg/mL aprotinin, 1 µg/mL pepstatin, 5 µg/mL leupeptin, 0.2 mM PMSF, and 2 mM DTT. The eluted protein was further purified through SEC (Superose 6, 10/300 GL, GE Healthcare) in buffer containing 20 mM Hepes, pH 7.4, 200 mM NaCl, 0.1% digitonin, 1.3 µg/mL aprotinin, 1 µg/mL pepstatin, 5 µg/mL leupeptin, 0.2 mM PMSF, and 2 mM DTT. The peak fractions were concentrated to ∼0.1 mg/mL for EM sample preparation. Other modulators were added to the samples before preparation of cryo-EM grids ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental)).

Cryo-EM Image Acquisition. {#s12}
--------------------------

Vitrobot Mark IV (FEI) was applied for preparation of cryo-EM grids. The procedures for preparing the 7 samples were same. Aliquots (3 µL each) of pRyR2 samples were placed on glow-discharged copper grids covered with continuous carbon film (Zhong jingkeyi Technology Co. Ltd.) or lacey carbon grids (Ted Pella Inc.). Grids were blotted for 2 s and flash frozen in liquid ethane. With regard to the Ca^2+^ alone, F/P/Ca^2+^, and F/A/Ca^2+^ datasets, grids were then transferred to a Titan Krios (FEI) electron microscope equipped with a Gatan K2 Summit detector (Gatan Co.) and operated at 300 kV with a nominal magnification of 105,000×. The defocus value varied from −1.7 to −2.7 µm. Each stack was dose fractionated to 32 frames with a total electron dose of 48.6 e^--^/Å^2^ for a total exposure time of 8.0 s. The stacks were motion corrected with MotionCorr ([@r65]) and subjected to 2-fold binning, resulting in a pixel size of 1.30654 Å/pixel. With regard to the F/C/Ca^2+^ dataset, grids were then transferred to a Titan Krios electron microscope operating at 300 kV equipped with a Cs corrector (Thermo Fisher Scientific Inc.), Gatan K2 Summit detector, and GIF Quantum energy filter. The defocus value varied from −1.3 to −1.7 µm. Each stack was exposed in superresolution mode for 5.6 s with an exposure time of 0.175 s per frame, resulting in 32 frames per stack. The total dose was ∼50 e^−^/Å^2^ for each stack. The stacks were motion corrected with MotionCorr and subjected to 2-fold binning, resulting in a pixel size of 1.091 Å/pixel. For all of the datasets, the output stacks from MotionCorr were further motion corrected with MotionCor2 ([@r66]), and dose weighting was performed ([@r67]). The defocus values were estimated using Gctf ([@r68]).

Image Processing. {#s13}
-----------------

Similar image processing procedures were employed as previously reported ([@r46]). Diagrams of the procedures used in data processing are presented in [*SI Appendix*, Figs. S2 and S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental). With regard to the reconstruction of F/P/Ca^2+^, 543,280 particles were picked from 2,897 micrographs by RELION 2.0 ([@r69]) using low-pass-filtered templates to 20 Å to limit reference bias. After 2D classification, 215,884 particles were selected and subjected to global angular search 3D classification using RELION 2.0 with one class and step size of 7.5°. The EM map of the open structure P/Ca^2+^, which was low pass filtered to 60 Å, was used as the initial model. After global angular search 3D classification, the particles were further subjected to 3D classification with 10 classes and a local angular search step of 3.75°. The local angular search 3D classification was performed several times with the output from different iterations of the global angular search 3D classification as input. After merging all good classes and removing the duplicated particles, the particles were subjected to 3D autorefinement. The final particle number for the 3D autorefinement was 60,287, thereby resulting in a 4.6 Å resolution map after postprocessing. The same procedures were performed for the other datasets. The resolution was estimated with the gold standard Fourier shell correlation 0.143 criterion ([@r70]) with the high-resolution noise substitution method ([@r71]).

Model Building and Structure Refinement. {#s14}
----------------------------------------

The model of RyR2 closed structure (Protein Data Bank \[PDB\] ID code 5GO9) ([@r46]) was fitted into the maps of the 4 conditions by Chimera ([@r72]) and manually adjusted in COOT ([@r73]). FKBP12 from the rRyR1 structure (PDB ID code 3J8H) ([@r52]) was used for homologous model building of FKBP12.6. Structure refinement was performed using PHENIX ([@r74]) in real space with restrained secondary structure and geometry. The statistics of the 3D reconstruction and model refinement are summarized in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental).

Data Availability. {#s15}
------------------

Atomic coordinates and EM density maps of Ca^2+^ alone (PDB ID code 6JG3; EMDB ID code EMD-9823), F/P/Ca^2+^ (PDB ID code 6JGZ; EMDB ID code EMD-9824), F/A/Ca^2+^ (PDB ID code 6JH6; EMDB ID code EMD-9825), and F/C/Ca^2+^ (PDB ID code 6JHN; EMDB ID code EMD-9826) have been deposited in the PDB ([http://www.rcsb.org](http://www.rcsb.org/)) and the Electron Microscopy Data Bank (EMD) (<https://www.ebi.ac.uk/pdbe/emdb/>).

Supplementary Material
======================

We thank Xiaomin Li (Tsinghua University) for technical support during EM image acquisition. We thank the Tsinghua University Branch of the China National Center for Protein Sciences (Beijing) for providing the cryo-EM facility support. We are thankful for the computational facility support on the cluster of the Bio-Computing Platform (Tsinghua University Branch of the China National Center for Protein Sciences, Beijing) and the "Explorer 100" cluster system of Tsinghua National Laboratory for Information Science and Technology. This work was funded by the National Natural Science Foundation of China (projects 31621092, 31630017, 31930059, 81920108015, and 81861138009) and the National Key R&D Program (Grant 2016YFA0500402) and the National Key Basic Research (973) Program (Grant 2015CB910101) from the Ministry of Science and Technology of China. N.Y. is supported by the Shirley M. Tilghman endowed professorship from Princeton University.

The authors declare no competing interest.

Data deposition: Atomic coordinates and EM density maps of Ca^2+^ alone (PDB ID code [6JG3](6JG3); EMDB ID code [EMD-9823](https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-9823)), F/P/Ca^2+^ (PDB ID code [6JGZ](6JGZ); EMDB ID code [EMD-9824](https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-9824)), F/A/Ca^2+^ (PDB ID code [6JH6](6JH6); EMDB ID code [EMD-9825](https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-9825)), and F/C/Ca^2+^ (PDB ID code [6JHN](6JHN); EMDB ID code [EMD-9826](https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-9826)) have been deposited in the Protein Data Bank (PDB), [http://www.rcsb.org](http://www.rcsb.org/), and the Electron Microscopy Data Bank (EMD), <https://www.ebi.ac.uk/pdbe/emdb/>.

This article contains supporting information online at <https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914451116/-/DCSupplemental>.

[^1]: Contributed by Nieng Yan, October 28, 2019 (sent for review August 20, 2019; reviewed by Liang Feng and Filip L. A. Van Petegem)

[^2]: Author contributions: D.G. and N.Y. designed research; X.C., D.G., K.R., G.Z., G.H., J.L., and Q.Z. performed research; X.C., D.G., K.R., G.Z., G.H., J.L., Q.Z., and N.Y. analyzed data; and D.G. and N.Y. wrote the paper.

[^3]: Reviewers: L.F., Stanford University; and F.L.A.V.P., University of British Columbia.

[^4]: ^1^X.C. and D.G. contributed equally to this work.
